Abstract. The structure, mechanical and magnetic properties of Cu 90 Co 5 Ni 5 alloys produced by mechanical alloying and subsequent cold consolidation and sintering behavior, have been investigated. A system of small Co and Ni magnetic particles embedded in the non-magnetic copper matrix were prepared through a mechanical milling process by using a planetary ball mill under argon atmosphere for 20 to 60 h. The morphology and particles size, phase formation and chemical composition of the alloyed powder samples for each milling time were characterized by scanning electron microscope and powder X-ray diffraction techniques, respectively. After milling for 60 h, a supersaturated solid solution with coercive field H c with maximum value of 235Oe was obtained. The continuous decreasing trend of saturation magnetization (M s ) with increasing of milling time can be explained by the reduction of copper oxide by (CoNi) oxide formation, confirmed by powder XRD patterns. The XRD analyses of the as-milled samples revealed that the Bragg peaks of FCCCo changed partially to HCP-Co on increasing the milling time. Cu 90 Co 5 Ni 5 powders cold consolidated and sintered at 650ºC for 1h segregated mainly into two-phases of mixed (fcc,hc)-Co and fcc-CuNi. After sintering, the mechanical properties for 60h milling reached its optimum, 26HV in hardness corresponding to 250MPa as compressive strength. TEM microanalysis of sintered alloys revealed Co cluster of 2 to 5 nm in size separated each one by 10 to 20 nm in size. The variation of magnetic properties and its dependence on structural-precipitation change with milling time are discussed.
Introduction
Copper is a widely used base material for high electrical and thermal conductivity applications, however, its low or moderate tensile and yield strength over 500K are well-known limiting features for its applications. To overcome these problems, inhomogeneities such as fine, nano-precipitates or ceramic particles, which interact with dislocations, have been utilized and studied as strengtheners [1, 2] . Owing to copper's excellent electrical conductivity, and in view of investigating new applications of copper composite alloys in structural and functional fields as electronic devices, CuCo alloys were developed and characterized, and exhibited giant magnetoresistance (GMR), which varies with the content of precipitated and /or dispersed magnetic cobalt particles in metastable copper solid solution [3] [4] [5] [6] . The GMR phenomenon, fortuitously discovered one decade ago on multilayer composites, had been observed in various systems (Cu/Ag-Co and Cu/Ag-Fe) prepared and investigated by different methods such as melt-spinning, rapid liquid quenching and mechanical alloying, and is associated to great variations in electrical resistivity when magnetic field applied to nanostructured composite alloys. The spin-dependent scattering of electrons either within or at the interfaces of magnetic cluster embedded in the nonmagnetic matrix could explain the magnetoresistance in granular systems [7] .
In our previous work, we studied the effect of milling time and consolidation process on the cluster size precipitation, the electrical and magnetic properties of Cu 95 Co 5 and Cu 90 Co 10 alloys [8] .
Regarding the effect of Ni as magnetic metal on the MR ratio, to the best of author's knowledge, very limited literature has been explained the influence of this magnetic metal and showing a new effect of superparamagnetic Co 20 Ni x=5-20 Cu 100-X alloys [10] with soft magnetic CuNi solid solution embebbed with magnetic Co cluster. This paper describes the structural, mechanical and magnetic properties of Cu 90 Co 5 Ni 5 nanocomposite alloys prepared by mechanical alloying, and explains the effect of Ni with milling time and subsequent consolidation process on the final properties of CuCoNi alloys.
Experimental Procedure
The Cu 90 Co 5 Ni 5 alloys were prepared through mechanical alloying of starting materials Cu, Co and Ni powders (purity > 99.5%) by using a RETSCH planetary mill. In all batches milling process, 36 g of stoichiometric mixture powder were sealed in a stainless steel vial containing steel balls (20 mm in diameter) under an Argon atmosphere. Mechanical alloying was carried out for different milling times ranged from 20 to 60 h with a ball to powder weight ratio of 10:1, and by maintaining velocity of the plate at 155 rpm to reduce the contamination from milling media. A small amount of powder (6 g ) was taken at different milling times to characterize the structural evolution, contamination and magnetic properties of the powders during milling process. Mechanical alloyed powders were uniaxially pressed into cylindrical samples (6mm in thickness and 10mm in diameter) under 450 MPa at room temperature and sintered the green bodies at 650ºC for 1h under an Argon atmosphere. Structural characterization was performed by different techniques (XRD and TEM). Powder X-ray diffraction (XRD) studies were carried out in CENIM, having a Bruker AXS D8 diffractometer with Cu Kα radiation, current of 30 mA and a voltage of 40 kV , 2θ = 25 to 120º with a scan rate of 0.03º/min. In this study, the Rietveld analysis program of TOPAS (Bruker AXS, version 4.0) was used for the XRD data refinement. Refinement analyses were carried out using space group and crystallographic information from the ICDD database. By using this program, we calculated the volume weighed mean crystallite size and a mean strain value using the double-Voigt approach, in which both crystallite size and strain comprise Lorentzian and Gaussian component convolution. The morphology and size features of powder particles were observed by using a scanning electron microscope of JEOL JSM-5300. Both powder and consolidated samples were characterized using transmission electron microscope of FEI Tecnai G2 F20 S-Twin with an accelerating voltage of 200kV and equipped with microanalysis feature. The mechanical properties (at room temperature) of the polished sintered samples were measured by Struers microhardness tester. The hardness of the polished sintered samples was determined by the ratio of the applied load via a geometrically defined indenter to the contact (projected) area of the resultant impression using the relation: HV = 1854.4 P/d 2 (MPa), where H V is the Vickers hardness (MPa), P is the applied load (N) and d the indentation diagonal length (mm). Eight to ten indentations were made with the application of 2N load for 5 s for all the polished sintered samples. Magnetic properties were measured by using a Physical Properties Measurement System (PPMS), in vibrating sample magnetometer mode (VSM) of Quantum Design. The magnetization loops were measured at temperatures of 300, 150 and 5 K. From isothermal magnetization loops in the range of -10000 to +10000 Oe, we determined the
120
Mechanical Properties of Solids XI magnetic properties (saturation magnetization (M s ), remanent magnetization (M r ), coercive field (H c )) of the samples, and their dependence with milling time.
Results and Discussion
Structural Characterization. The structural characterization results were presented for as-milled alloy powders and consolidated alloys.
As-milled alloy powders. The mechanical milling process was followed by characterization of the resulting powders as a function of the milling time. Table 1 shows the results of mean strain values (msv), particle size, chemical composition, magnetic properties of alloyed powders, and some mechanical properties results of consolidated samples for different milling times. In general, the broadening of the diffraction peak profile was determined for both the small crystallite size which characterizes the composition and for the imperfections (dislocations) in the crystalline lattice. The microstructure features of powder samples which were calculated from XRD data and refined with Rietveld analysis, one mechanism could be concluded for these alloys as, the broadening of the reflections of Cu is primarily due to milling caused distortion in the lattice. The milled alloys have mean strain values (msv) of 0.140 for 30h, 0.175 for 45 h and 0.215 for 60 h. The XRD analysis of the as-milled powders revealed that Bragg diffraction peaks of FCC-Co changed partially to HCP-Co on increasing the milling time. The XRD patterns of starting Cu powders showed the presence of two kinds of oxides as CuO and Cu 2 O (Fig. 1b) . In principle, massive plastic deformation during the milling process produces a grain fragmentation and an increase of residual micro-stress. Thus, the cause for the deformation-induced Bragg reflection broadening is the small size of the diffracting grains and the strain of the lattice defects. In our investigation, the copper oxide disappeared due to the continuous refined process after 60 h milling process. A detailed study of the grained structure for the different alloys of as milled and consolidated was carried out by TEM characterization. TEM observation of alloyed powder shows that nanoprecipitation didn't take place until sintering process, where meta-stable copper solid solution exhibit Ni and the high presence of wt%Co could be attributed to as-remained cobalt particle, as shown in the Fig. 2 of 3 EDS spectra. The contents of nickel, iron, oxygen and carbon of 6.88, 12.70, 1.09 and 1.50 wt% respectively determined by EDS 9 after 60 h milling, confirming that Ni and impurities were introduced heterogeneously in solid solution, which is confirmed in EDS 11 shown in Fig. 3 . During milling, the surface of the copper, cobalt and nickel powder particles pick up iron and chromium due to the wear of the particles with walls of the jags and balls. Therefore, the low concentration of Fe (0.05 to 0.10wt%), is related with the milling time as confirmed by chemical analysis of 60h milled powder, however, Fe has not determined through 20 EDS analysis for this alloy.
Fig2. BF TEM image of 60h milled CuCoNi alloy. EDS Spectra show high wt% Co. Magnetic Properties. Fig. 4 represents the isothermal magnetization behavior as function of the applied magnetic field for the mechanically alloyed Cu 90 Co 5 Ni 5 samples for different milling times, as alloyed (0 h), 20 h, 30 h, 45 h and, 60h. Hysteresis loops shown in Fig. 4 were measured at 300 K. The same amount of powder was taken for the magnetic measurements of all samples. The isothermal magnetization hysteresis loops obtained at different temperatures from 5 to 300K for all samples suggest that the grained Cu-Co-Ni alloy is a soft ferromagnetic material. Fig. 5 shows the dependence of the saturation magnetization, remanent magnetization and coercive field with milling time, and these values obtained from the hysteresis loops shown in Fig. 4 .
The magnetic properties of saturation magnetization, remanent magnetization and coercive field differ and are sensitive to changes occurring during milling process such as: magnetic cluster size, magnetic distribution in the non-magnetic matrix, and density of lineal defects. As the milling time increases the saturation magnetization decreases, coercive field increases and remanent magnetization magnitude has a low order of increment. The increasing of the coercive fields H c from 156 to 233 Oe could be due to decrease of cluster size and also increase of density of defects with the increasing of milling time.
On the other hand, assuming that the saturation magnetization (M s ) manifests the variation of the phase in composition, the reduction of copper oxide by the precipitation of (CoNi) oxide and the partial change from FCC-Co to HCP-Co (Fig.1) , can be explained by the steady decreasing trend of M s as is observed in Fig. 5 , and corroborated with X-ray diffraction patterns as a function of milling time. Interestingly, we obtained ferromagnetic samples for the present milling parameters without any further post-annealing process. About the effect of impurities on magnetic properties, it can be estimated that the impurities such as Fe, C and O would not very much perturb magnetic property of the metastable bulk samples, since they are nonmagnetic materials. In general our magnetic results are in agreement with Y.Q. Zhang's magnetic results for Co 20 Ni 5 Cu 75 alloys [9] .
Consolidated Alloys.
In accordance with the experimental data obtained for 3 samples (cold pressed and sintered) in each series, the optimized data has been presented in the Table 1 . The mechanical properties have been presented in the table as two units indicating sample's compression strength with respect to applied load. After sintering for 1h, the hardness and compressive strength for 60h milling reached its optimum, 26 H V and 250 MPa. The low compression strength of this nanocomposite alloys compared with pure wrought copper (400 MPa) can be attributed to the residual porosity produced through powdermetallurgy process. The slight increase in hardness can be attributed mainly to remanent distortion in the lattice after sintering process. The mean strain values (msv) measured by XRD data ranged from 0.14 for 30h to 0.215 for 60h milling, explains grain fragmentation, increase of residual microstress by the continuous grain fragmentation and the lattice deformation due to the formation of metastable CuCoNi solid solution. Fig. 6 shows the bright-field transmission electron micrographs of Cu 90 Co 5 Ni 5 alloys sintered at 650ºC for 1h, which revealed precipitation of Co cluster particles of 2 to 5 nm in size, with the grain size ranging from 10 to 50nm as was measured with higher magnifications. Fig. 7 shows BF TEM image taken for black dotted circle in Fig. 6 and confirms absence of apparent precipitated magnetic particles. After sintering, the HCP-Co particles changed to new FCC-Co, and the milling time is associated to the precipitation of the (CoNi) cluster in the copper matrix. Because of the high consistency of Co, Ni and Cu lattices, the small difference in the atomic scattering factor between Co and Cu, and the comparatively small lattice mismatch, neither the shape or size or position of Co particles can be exactly determined for the alloys. Position of Nickel in the grained structure was measured point to point, mainly as CuNi solid solution and scantily as CoNi particles, indicating that the most residual Ni has diffused to copper matrix leading to homogeneous Cu-Ni solid solution, with 4.4% Ni in average, as was measured by EDS 12 analysis and later by EDS in black dotted circle, point A, Fig 7. The distance between planes (111) measured at the same point A is ranged from 0.303 to 0.350 nm.
Conclusions
The mechanically Cu 90 Co 5 Ni 5 alloyed samples were characterized for compositional and structural characterizations that in turn influence mechanical and magnetic properties. The main emphasis has been given in synthesizing the alloys through mechanical alloying and evaluation of milling time influence on chemical composition, structural, mechanical properties, since microstructure plays vital role in influencing the mechanical and functional properties like magnetic and electric properties. The isothermal magnetization hysteresis loops suggest that Cu 90 Co 5 Ni 5 alloys show soft ferromagnetic behavior, even for as-milled samples. Coercive field, H c , increased from 156 to 233 Oe with the increasing of milling time indicating the decreasing of particle size toward single domain size and an increasing of defect density. Saturation magnetization (M s ) decreased monotonically with increasing milling time, as a consequence to the variation of the phase composition, the reduction of copper oxide by the formation of (CoNi) particle and oxide, and the partial change from fcc-Co to hcp-Co. Cu 90 Co 5 Ni 5 powders after consolidation and sintering at 650ºC for 1h, resulted in a grained structure with precipitated Co cluster particles of 2 to 5 nm in size. After consolidation, the hardness and compressive strength for 60h milling reached its optimum, 26 H V and 250 MPa. The homogeneous analysis and the absence of particles rich in Ni, could be deduced that Nickel is mainly as CuNi solid solution and scantily as CoNi particles, indicating that the most residual Ni has diffused to copper matrix leading to homogeneous reinforced Cu-Ni solid solution. 
